The extracellular signal-regulated kinase (ERK) family of the mitogen-activated protein kinase (MAPK) pathway is identified for the first time in boar sperm and is associated with capacitation and tyrosine phosphorylation (tyr-P). Reactive oxygen species (ROS) modulate this signal transduction. Western immunoblotting detected the ERK pathway components RAF1, MEK1/2, and ERK1/2 in extracts from fresh boar spermatozoa and determined that their phosphoprotein profiles differed in a capacitation-dependent fashion. Capacitation was accompanied by appearance of two new ERKs (158 and 161 kDa) and disappearance of others. Capacitation was verified with increased tyr-P, which was inhibited by a 30-min preexposure of fresh boar sperm to a xanthine/xanthine oxidase ROS-generating system prior to the capacitating incubation; ROS pre-exposure also affected the phosphorylation of RAF1, MEK1/2, and ERK1/2. Preincubating sperm with inhibitors of the ERK components with or without the ROS generator affected subsequent capacitation. Inhibiting ERK1/2 inhibited tyr-P of capacitated boar spermatozoa proteins of 172, 97, and 66 kDa (P 0.04); with ROS, this inhibition increased (P , 0.002) and tyr-P of 111 kDa declined (P , 0.028). Pre-exposure to ROS plus MEK1/2 inhibitor prevented capacitation-induced tyr-P of proteins of 187 (P , 0.01) and 112 kDa (P , 0.04) versus capacitation with or without ROS. Therefore, ERK1/2 components of the MAPK pathway significantly regulate boar sperm capacitation, and RAF1 and MEK1/2 may have some lesser influence through crosstalk with different pathways. ROS affect RAF1, MEK1/2, and ERK1/2 and could influence the sequential events of boar sperm capacitation.
INTRODUCTION
To fertilize an oocyte in vivo, fresh spermatozoa must first capacitate to acquire the ability to reach and bind to the zona pellucida and undergo the acrosome reaction [1] . Although the mechanisms by which capacitation is controlled are not completely known, various components of signal transduction pathways [1, 2] appear to be involved, including protein kinase A (PKA), its substrates and the cAMP/PKA-dependent tyrosine phosphorylation (tyr-P) of fibrous sheath proteins [3] [4] [5] [6] [7] [8] , protein kinase C (PKC) [9] , protein tyrosine kinases (PTK) [3] [4] [5] [6] [7] [8] , and elements of the extracellular signal-regulated kinase (ERK) family in the mitogen-activated protein kinase (MAPK) pathway [9] [10] [11] [12] [13] [14] . Furthermore, we have recently determined that reactive oxygen species (ROS) are associated with capacitation and tyr-P of boar spermatozoa [15] .
The MAPK or ERKs are serine-threonine kinases present in all eukaryotic cells to transduce signals initiated by diverse extracellular stimuli ranging from cytokines, growth factors, neurotransmitters, and hormones to cellular stress and cell adherence [16, 17, 18] . The basic MAPK pathway assembly, conserved from yeast to humans, is a module of three kinases (MAPK kinase kinase [RAF] , MAPK kinase [MEK] , and MAPK [ERK1/2]) that sequentially phosphorylate and activate each other [18, 19] . These components of the ERK family have various isoforms [20, 21] , with ERK1 (official symbol MAPK3) and ERK2 (official symbol MAPK1; 44 and 42 kDa, respectively) being the most extensively studied [18] . The upstream cascade of the ERK pathway consists of the adaptor proteins of SHC and GRB2 (each of whom has SH2 and SH3 domains that interact upon activation) and SOS (son of sevenless; a guanidine exchange factor) and the GTP-binding proteins of RAS or RHO family [18, 19] .
Different receptor types activate the ERK pathway. Growth factors such as EGF, PDGF, or insulin [20, 22] activate receptor tyrosine kinase, thereby allowing the adapter protein GRB2 to bind, which localizes SOS to the plasma membrane. SOS converts RAS into its activated conformation by exchange of Ras-bound GTP with GDP. Activated RAS in turn activates RAF1, the Serine-Threonine (Ser/Thr) RAF, which then phosphorylates MEK, and this dual-specificity Ser/Thr-Tyrosine (Ser/Thr-Tyr) MEK activates ERK1/2, the Ser/Thr MAPK, by phosphorylating its Tyr and Thr residues in the active site of the Thr-Glu-Tyr motif [18, 19] . The activated Ser/Thr kinase ERK can phosphorylate over 80 substrates in the cytoplasm, with phospholipase A 2 (cPLA 2 ) as a major target [18, 19] , and can also regulate gene expression in the nucleus of somatic cells [23] .
The MAPK family of proteins has been associated with sperm capacitation. MAPK-like enzymes were active in capacitated and noncapacitated boar spermatozoa, and enzyme renaturation assays with myelin basic protein found a 42-kDa MAPK-like kinase in capacitated sperm only [24] . Furthermore, a 42-kDa boar sperm protein kinase was identified as a dual-specificity MAPK family protein kinase, and a 32-kDa ERK5 (MAPK7) was detected with anti-MAPK antibodies in capacitated boar spermatozoa [24] . In human spermatozoa, all the components of the ERK family of MAPK and its upstream regulators from SHC to ERK [10] have been specifically identified and are associated with sperm capacitation [25, [12] [13] [14] and the acrosome reaction [16, 14, 26] . Antiphospho-MEK antibody detected three proteins in the flagella of capacitated human sperm (55, 94, and 115 kDa) that were absent in sperm treated with PD98059 and U0126, which are inhibitors of MEK [11] . Similarly, the ERK pathway has been implicated in flagellar motility in mouse [27] and fowl spermatozoa [28] .
Both capacitation and the MAPK pathway may be regulated at least partially with ROS [10] [11] [12] [13] [14] . Superoxide anion (O 2 À ), hydrogen peroxide (H 2 O 2 ), and nitric oxide (NO ) [14] can be generated in most mammalian cells by ligands such as cytokines, growth factors, and hormones [29, 30, 31] and are considered injurious by-products of cellular metabolism that, in excessive amounts, can damage DNA [32, 33] , inhibit sperm-oocyte fusion [34] , and reduce sperm motility (human [35] ; equine [36] ). However, when produced in very low and controlled concentrations, ROS regulate cell signaling and functions [37] . Sperm capacitation is an oxidative process that is associated with producing small amounts of O 2 À , H 2 O 2 , and NO [12, 13] and promoting signal transduction pathways associated with capacitation. Exposing boar spermatozoa to an ROS-generating system inhibited capacitation-induced tyr-P of high-kilodalton proteins and induced greater incidence of acrosome reaction as a result of inducing lipid peroxidation and PLA activity [15] . ROS at very low concentrations may regulate protein tyr-P in human sperm [37] through the independent cAMP/PKA and the ERK signaling pathways, using O 2 À to regulate the capacitation and tyr-P associated with all ERK cascades [11] . Generating ROS during capacitation increases cAMP, activating PKA and its phosphorylation of MEK (at the arginine-X-X-Ser/Thr motif), then ERK1/2 (at the Thr-Glu-Tyr motif) and tyr-P of fibrous sheath proteins of human sperm [12] [13] [14] . ROS modulate the ERK pathway in somatic cells [38] , including cPLA 2 , through the RAF-MEK-p42/44 MAPK pathway and lipid peroxidation measured as degradation of arachidonate and linoleate and the formation of aldehydic degradation products [39] . In addition, the acquisition of hyperactivated motility and onset of the acrosome reaction in association with the different kinases, such as PKC, PKA, PTK, and the ERK pathway kinases and their crosstalk interaction, support the concept that multiple parallel pathways contribute to the timely coordination of various sperm functions needed to fertilize an oocyte [12] [13] [14] .
Capacitation of boar sperm is poorly understood in comparison with capacitation in other species such as mouse and human [24] , and, in particular, very little is known about the nature and roles of specific MAPK components of the ERK pathway. Therefore, the goals of this study were 1) to detect the phosphorylated forms of ERK pathway components (RAF, MEK1/2 [MAP2K1/MAP2K2], and ERK1/2) in boar spermatozoa using different, specific anti-phospho-MAPKs antibodies in the presence and absence of ROS; 2) to determine how exposure to an ROS-generating system (xanthine/xanthine oxidase) would affect tyr-P and the ERK pathway of capacitated and noncapacitated boar spermatozoa; and 3) to investigate the role of the ERK pathway on tyr-P in capacitated and noncapacitated boar sperm in the presence and absence of ROS and inhibitors of the ERK pathway components (RAF, MEK1/2, and ERK1/2).
MATERIALS AND METHODS

Semen Handling
Semen collection. Boars of proven fertility were housed and managed as required by the Canadian Council on Animal Care. The sperm-rich fraction was collected using the gloved-hand method into a 358C Thermos, ejaculates with ,70% motility (visual estimate) were discarded, and sperm concentration was determined by a calibrated spectrophotometer (Spectronic 20; Milton Roy, Rochester, NY).
ROS-generating system. An ROS-generating system of xanthine and xanthine oxidase (Sigma-Aldrich, Oakville, ON) was used as before [15] . Briefly, xanthine (20 mM in 1 M NaOH) was diluted to 2 mM in water (pH 7.5), and 0.2 U of xanthine oxidase was added to 0.5 ml of 2 mM xanthine. The pH was adjusted repeatedly over 2 h of stirring to stabilize the pH.
Capacitation and ROS generation. As before [15] 6 spermatozoa per milliliter) [15, 41] and incubated for 4 h (368C, 5% CO 2 , 100% humidity). The pH of the capacitating medium had also been adjusted repeatedly over 2 h with stirring to stabilize the pH.
Protein Extraction, SDS-PAGE, and Western Blotting
As before [15] , proteins from aliquots of 5 3 10 6 spermatozoa were extracted with Na 2 VO 3 (Fisher Scientific Canada, Mississauga, ON), centrifugation (13 000 3 g, 10 min, room temperature), and boiling in extraction buffer (0.2 mM Na 2 VO 3 , 12.5 ll of 53 sample buffer [0.350 g dithiothreitol, 0.5 g SDS, 2.0 ml of 1 M Tris [pH 6.8], 2.5 ml of 50% glycerol, 150 ll of 2.5% bromophenol blue] for 5 min. The boiled sperm preparation was centrifuged (13 000 3 g, 5 min, room temperature), and the supernatant was kept on ice until used for SDS-PAGE.
The extracted proteins were subjected to SDS-PAGE on a 4% polyacrylamide stacking gel/10% running gel for 15 min at 75V, and then at 100V at room temperature for 150 min or until the dye front reached the bottom of the gel. The gel was equilibrated in transfer buffer, transferred electrophoretically (100V) to Immobilon-PVDF-transfer membrane (Millipore, Etobicoke, ON), and blocked overnight in 5% (w/v) skim milk powder in Trisbuffered (20 mM [pH 7.8]) saline containing 1% Tween 20 (TTBS; 0.1% v/v, 48C; Fisher Scientific Canada). For ERK family components, membranes were then incubated with the indicated primary antibodies (2 h, room temperature, gentle agitation), washed with TTBS (3 3 10 min), and then incubated with the secondary antibody in TTBS (60 min room temperature, gentle agitation). For tyr-P, membranes were incubated for 2 h with conjugated antibody. After incubation, membranes were washed with TTBS (3 3 10 min) and ultrapure water (23).
Experiment 1: ERK Signaling Pathway and ROS Modulation of tyr-P
Proteins were extracted from sperm immediately after the preincubation (BTS 6 ROS-generating system) and after the 4-h incubation in BTS or capacitating media.
The phosphorylated forms of ERK pathway components RAF, MEK1/2, and ERK 1/2 were each determined after separate incubations (n ¼ 4 per component; one ejaculate from each of the same four boars per component). Antibodies, all diluted in TTBS, were anti-phospho-RAF1 (Ser338/Tyr340; 1:1000; affinity-purified rabbit polyclonal IgG; Upstate Biotechnology, Lake Placid, NY), antiphospho MEK1(Ser218/222)/MEK2(Ser222/226), rabbit monoclonal IgG (1:2000 in TTBS; Upstate Biotechnology), or rabbit antiphospho-ERK1/2 (Thr202/Tyr204) affinity-purified polyclonal antibody (1:1000; Chemicon International, Inc., Temecula, CA). The secondary was anti-rabbit IgG, horseradish peroxidase-linked whole antibody (from donkey; NA934V; 1:2500; GE Healthcare UK Limited, Little Chalfont, Buckinghamshire, U.K.). Since these antibodies have not previously been used with porcine sperm, specificity was confirmed in a preliminary trial by extracting protein from 0.5, 1.0, 5.0, and 8.0 3 10 6 spermatozoa after 0-h incubation in BTS alone or 4-h incubation in BTS or capacitating media and developing the membranes in the presence of secondary alone or each of the primary antibodies followed by secondary, as detailed here. To assess tyr-P, the last two wells of each gel were loaded with proteins from sperm aliquots pre-exposed to BTS 6 ROS generation after 4 h in capacitating medium. After blocking of nonspecific binding, these two lanes of each transfer membrane were cut out using a scalpel and straight edge and then incubated with monoclonal anti-phosphotyrosine (4G10, horseradish peroxidase-conjugated antibody; 1:2000; Upstate Biotechnology) and washed as for other components.
To quantify the amount of proteins that were loaded in each well, a membrane from one replicate of each component was stripped (378C, 60 min; Restore Western blot stripping buffer; PIERCE, Rockford, IL), washed once ERKS AND ROS AFFECT tyr-P IN PORCINE CAPACITATION with TTBS, and blocked with 5% (w/v) skim milk powder in Tris (20 mM, pH 7.8)-buffered saline containing 1% Tween 20 for 60 min at room temperature with gentle agitation. The membranes were then incubated with anti-bovine atubulin (mouse monoclonal anti-bovine a-tubulin and biotinylated anti-bovine a-tubulin; 1:2000 in TTBS; Molecular Probes, Inc., Eugene, OR) for 2 h at room temperature with gentle agitation, washed with TTBS (3 3 10 min), and then incubated with the polyclonal goat anti-mouse IgG, horseradish peroxidase antibody (Upstate Biotechnology; 1:2500 in TTBS), followed by washing with TTBS (3 3 10 min), and ultrapure water (23) .
Positive immunoreactive bands on all membranes were detected using the enhanced chemiluminescence detection system (Luminol, 97% HPLC; Kodak autoradiography films; Sigma-Aldrich) and their volume, area, and kilodaltons were measured using Image Quant TL.lnk software (Amersham Bioscience, Piscataway, New Jersey), and then bands' intensities were calculated.
Experiment 2: The Effect of Inhibiting ERK Signaling Pathway Components on Boar Sperm tyr-P
To assess the impact of inhibiting the ERK pathway components on capacitation of boar sperm, an inhibitor of each component was selected: for RAF1 (C-Raf), 6 lM ZM 336372 (Calbiochem, San Diego); for MEK1/2, 1 lM U0126 (Calbiochem International); and for ERK, 20 lM ERK Activation Inhibitor Peptide I, Cell-Permeable (Calbiochem International). Each was prepared in 1% dimethyl solfoxide as stock solutions of 2.6, 1.0, and 2.8 mM (based on their IC 50 and the effective concentration determined in preliminary trials, data not shown), respectively, aliquoted and stored at À208C in the dark until used. Freshly collected ejaculates (n ¼ 1 ejaculate from each of four boars for each of the three components of the ERK pathway) were pre-exposed to BTS 6 ROS-generating system with or without an ERK pathway inhibitor and incubated for 30 min at 388C. Aliquots from each of the treatments were then taken, diluted into either BTS or capacitating media, and incubated for 4 h as before. Aliquots of sperm proteins were extracted and subjected to SDS-PAGE, and the presence of tyrosine-phosphorylated proteins was determined by Western immunoblotting as before.
Statistical Analysis
All data were analyzed as before [15] with SAS v. 9.1 (SAS 9.1 for Windows TS Level 1M3; The SAS Institute Inc., Cary, NC). To analyze the amount of phospho RAF1, MEK1/2, and ERK1/2 proteins (experiment 1) and tyrosine-phosphorylated protein (experiment 2) detected by Western immunoblotting, Image Quant band intensities were log-transformed prior to analysis using The Mixed Procedure as a split-plot in which the four boars represented the blocks, and treatment (pre-exposure to BTS or ROS-generating system or inhibitors or their combinations) was the main plot factor. Incubation medium (capacitating medium or BTS) and time (immediately after pre-exposure and after 4 h) were the subplot factors. Specific differences among times, treatments, and media were analyzed with least-squares means and TukeyKramer test. Differences with values of P , 0.05 were considered to be statistically significant.
The Image Quant band intensities indicating the amount of phosphotyrosine and a-tubulin proteins were checked for normality, and least-squares means were assessed by General Linear Model Procedure and Multiple Comparison Tukey Test to determine the effects of ROS preincubation on tyr-P and to determine if the amount of a-tubulin protein differed among wells.
RESULTS
Experiment 1: ERK Signaling Pathway and ROS Modulation of tyr-P
Analysis of intensity of bands in all gels stripped and reprobed for alpha-tubulin found no differences (P . 0.05; please see representative blot shown in Figure 2B ), confirming that equal amounts of proteins were loaded in the wells of the different treatments.
Sperm incubated for 4 h under capacitating conditions contained many tyrosine-phosphorylated proteins (Fig. 1) , including the 61-, 96-, 110-, and 158-kDa tyrosine-phosphorylated proteins previously shown to be capacitation-dependent under these conditions [15] . Pre-exposure to the ROSgenerating system inhibited tyr-P of proteins at 158 (P , 0.005), 110 (P , 0.02), 96 (P , 0.03), 71 (P , 0.009), and 47 kDa (P , 0.049) and tended to reduce the 76-and 61-kDa proteins (P , 0.14).
Incubating membranes with only the anti-rabbit IgG, horseradish peroxidase-linked antibody (from donkey) in the absence of primary antibody resulted in the appearance of a single band at ;60 kDa, suggesting that this band is an artifact due to the secondary antibody. Although this band appeared darker after certain treatments (e.g., Fig. 2 , Cap 6 ROS), its appearance in the presence of secondary antibody alone made us decide to eliminate it from all analyses. All bands of kilodaltons different from 60 were absent in the absence of primary antibody and increased in intensity when proteins were extracted from increasing numbers of sperm (data not shown). Therefore, these bands are assumed to represent bands binding specifically to the indicated primary antibody.
RAF1 was present in boar sperm, as identified by the positive binding of anti-phospho-RAF1 (Ser 338/Tyr340) antibody (Fig. 2) . The kilodalton measurement and amount of those RAF1 proteins differed depending on pre-exposure to ROS generation, incubation medium, and time (Fig. 2C) . Immediately after 30-min preincubation in BTS, sperm had large amounts of a 35-kDa RAF1, with lesser amounts of 82-and 51-kDa proteins and minor amounts of 195-and 24-kDa proteins, whereas preincubation in ROS-generating system significantly increased the 51-kDa RAF1 (P , 0.0059; Fig.  2C ). A 4-h incubation in BTS or capacitating media after the preincubation affected RAF1 proteins, eliminating the minor 24-kDa protein and inducing a minor 9-kDa RAF1. Capacitation medium also reduced the 35-kDa RAF1, but ROS preexposure prevented the capacitation-associated decline in 35-kDa RAF1. Interestingly, the large amount of 51-kDa RAF1 induced by pre-exposure to ROS was maintained over 4 h in BTS but declined (P , 0.0076) to control levels after 4 h in capacitation medium. Effect of preincubating sperm with or without ROS-generating system on phospho-RAF1 and a-tubulin protein content following capacitation incubation. Boar spermatozoa pre-exposed to BTS 6 1 mM xanthine þ 0.1U xanthine oxidase (30 min, 388C) were subsequently incubated in capacitating medium for 4 h. Proteins from 5 3 10 6 sperm were extracted and immunoblotted using anti-phospho-RAF1 (Ser338/ Tyr340) affinity-purified rabbit polyclonal IgG antibody (primary antibody) and anti-rabbit IgG, horseradish peroxidase-linked whole antibody (secondary antibody). A) Typical immunoblot of phospho-RAF1 with kilodaltons from commercial protein standards indicated at the left side of the gel. The bands present at ;57 kDa in Cap 6 ROS 4h lanes are considered artifacts and not analyzed (see Results). B) Membrane after stripping and reprobing with anti-bovine a-tubulin. C) Mean kilodalton and protein amounts, as indicated by intensity of protein bands, from four ejaculates were quantified by Image Quant software (SEMs are omitted for clarity). Within a kilodalton level, values with no superscripts (a, b, c) in common differ (P 0.05).
FIG. 3.
Effect of preincubating sperm with or without ROS-generating system on phospho-MEK1/2 proteins following capacitation incubation. Boar spermatozoa pre-exposed to BTS 6 1 mM xanthine þ 0.1U xanthine oxidase (30 min, 388C) were subsequently incubated in capacitating medium for 4 h. Proteins from 5 3 10 6 sperm were extracted and immunoblotted using anti-phospho MEK1(Ser218/222)/MEK2 (Ser222/ 226); rabbit monoclonal IgG antibody (primary antibody); and anti-rabbit IgG, horseradish peroxidase-linked whole antibody (secondary antibody). 
ERKS AND ROS AFFECT tyr-P IN PORCINE CAPACITATION
MEK1/2 was detectable initially primarily as a 41.8 6 1.12 (; 42)-kDa band (Fig. 3, A and B) and several minor bands. After capacitating incubation with or withut ROS pre-exposure, a minor 27-kDa (27.0 6 3.2) protein disappeared, and though capacitating medium and ROS interacted to reduce the 42-kDa phospho-MEK1/2, neither time, media, nor ROS affected the minor 50-and 22-kDa phospho-MEK proteins.
Seven phospho-ERK1/2 proteins were detected, varying with incubation conditions (Fig. 4, A and B) . The 158-kDa (158.2 6 2.65) protein was only present after 4 h in capacitating medium, conditions under which the 32-and 24-kDa proteins disappeared. The 80-and 52-kDa proteins were present in sperm in all media, with the amount of each increasing significantly after 30 min exposure to the ROSgenerating system. Experiment 2: The Effect of Inhibiting ERK Signaling Pathway Components on Boar Sperm tyr-P RAF inhibitor (ZM336372). Boar spermatozoa pre-exposed to the RAF inhibitor ZM336372 (6 ROS generator) displayed highly variable protein tyr-P after capacitating incubation. There was an overall reduction in the extent of tyr-P after exposure to the inhibitor (P , 0.05), but no change in any specific protein (data not shown).
MEK1/2 inhibitor (U0126). Preincubating spermatozoa with 1 lM of U0126 inhibitor for 30 min and then for 4 h either in capacitating medium or BTS had no significant effect on tyr-P. Sperm incubated in ROS prior to incubation in capacitating medium contained a tyr-P 112-kDa protein not seen in capacitation media alone and lacked three minor proteins (81, 31, and 24 kDa) normally present after a capacitating incubation (Fig. 5, A and B) . Incubation with both ROS-generating system and U0126 inhibitor before the capacitating incubation significantly reduced the 187-kDa protein (P , 0.01) and the 112-kDa ROS-specific protein (P , 0.04; Fig. 5B ) and showed a possible tendency to reduce the 103-kDa (P , 0.15) and 71-kDa (P , 0.14) proteins compared to sperm incubated in capacitating medium alone. ERK 1/2 inhibitor (ERK activation inhibitor peptide I, cell-permeable). Exposing boar spermatozoa to 20 lM of ERK inhibitor or the ROS-generating system, alone or in combination, inhibited tyr-P of different proteins in sperm subsequently incubated in capacitation medium but not BTS (Fig. 6, A-C) . Pre-exposure to the ERK inhibitor alone reduced the capacitation-induced amounts of 172-(P , 0.03), 97-(P , 0.014), and 66-(P , 0.04) kDa tyrosine-phosphorylated proteins in sperm (Fig. 6B) . Preincubation with the combined ERK inhibitor and ROS-generating system strongly inhibited the capacitation-dependent tyr-P of various proteins [172 (P , 0.0005), 111 (P , 0.028), 97 (P , 0.0008), and 66 (P , 0.0022) kDa], and reduced the 172-and 66-kDa proteins more than preincubation with either ERK inhibitor or ROS alone (Fig. 5C ).
DISCUSSION
For the first time, the specific ERK pathway elements RAF, MEK1/2, and ERK1/2 have been identified in boar spermatozoa. The pathway by which they regulate tyr-P in capacitation has been elucidated and ERK1/2 identified as the apparent major regulatory component. Generation of ROS inhibits pHsensitive, capacitation-induced tyr-P of high-kilodalton proteins, possibly through interactions with the MAPKs that affect the phosphorylation of RAF1, MEK1/2, and ERK1/2. These detailed investigations contribute substantially to our understanding of the signaling pathways involved in porcine sperm capacitation.
The presence of the MAPKs of the ERK pathway was demonstrated first by Western blotting with specific antibodies for each component, with the most prominent protein bands of each being a 35-kDa RAF1, 42-kDa MEK1/2, and two bands at 80 and 52 kDa in ERK1/2, all of which were present in all media (BTS and Cap 6 ROS). A second, further confirmation of the involvement of ERK components in boar capacitation was evident in the differences of the capacitation-induced tyrosine-phosphorylated proteins in sperm pre-exposed (or not) to ROS generators and then incubated with or without specific inhibitors of each ERK-pathway component: the clear impact on capacitation of these preincubation and incubation conditions confirm the physiological importance of the ERK pathway. "   FIG. 6 . Effect of preincubating sperm with or without ROS-generating system 6 ERK inhibitor (20 lM) on tyr-P of sperm proteins during subsequent incubation. Boar spermatozoa were treated with BTS 6 ERK inhibitor (20 lM) with or without an ROS-generating system (1 mM xanthine þ 0.1 U xanthine oxidase per milliliter; 30 min, 388C) and subsequently incubated in BTS or capacitating medium for 4 h. Proteins from 5 3 10 6 sperm were extracted and immunoblotted using the antiphosphotyrosine antibody to detect capacitation-related tyrosinephosphorylated proteins. Typical immunoblot is seen in A, with kilodalton values from commercial protein standards indicated at the left side of the gel. B, C) The mean kDa and tyrosine-phosphorylated protein amounts, as indicated by intensity of protein bands quantified by Image Quant software (n ¼ 4 ejaculates from different boars; SEMs are omitted for clarity). B emphasizes the impact of pre-exposure to the ERK inhibitor on time-dependent capacitation-induced tyrosine-phosphorylated protein production. C demonstrates the impact of ROS preexposure with or without ERK inhibition on boar sperm tyrosinephosphorylated proteins (SEMs are omitted for clarity). Within a kilodalton level, values with no superscripts (a, b, c) in common differ (P 0.05).
ERKS AND ROS AFFECT tyr-P IN PORCINE CAPACITATION
The three anti-phospho-MAPK antibodies (anti-phospho RAF1, anti-phospho MEK1/2, and anti-phospho ERK1/2) each recognized a number of phosphorylated proteins that were unique to that particular antibody, supporting the specificity of binding. Specificity was also demonstrated by a dosedependent increase in band density and by absence of bands in membranes developed without primary antibody. Unfortunately, no commercially verified positive controls were available to detect and confirm the specificity. These unique protein profiles were also uniquely affected by exposure to ROS generation and to capacitating conditions. Capacitation was confirmed by tyr-P (Fig. 1) , a reaction that has long been associated with capacitation in boar sperm [41] [42] [43] [44] [45] and verified previously for our capacitating incubation [15] . tyr-P is regulated by different specific signaling pathways during sperm capacitation, including PKA, PKC [9] , cAMP/ PKA-dependent tyr-P of fibrous sheath protein and PTK [3, 4] , and potentially by ROS [15] . Two major proteins (;39 and ;35 kDa) were consistently present in noncapacitating conditions, whereas capacitating incubation induced tyr-P of a variety of higher-kilodalton proteins ranging from 71-158 kDa, as seen before by ourselves and others [15, 42] . The 32-kDa protein, occasionally seen here in sperm exposed to capacitating conditions, has been noted repeatedly in capacitated boar sperm [41, [44] [45] [46] , and its appearance is known to be calcium-dependent and not an absolute prerequisite for capacitation in boar sperm [44] . As the pH impacts the actual nature of proteins tyrosine-phosphorylated during boar sperm capacitation [15] , considerable care was taken here to maintain the pH in a range of 7.3-7.4. Other authors have not reported, and may not have considered, this important factor. Certainly it is well established that the components of the capacitation medium, particularly calcium and bicarbonate, which influences pH, affect capacitation of pig sperm [44] and the induction of signaling in the cAMP/PKA/PTK pathway [42, 43, 45] .
ROS inhibited the capacitation-dependent tyr-P of various proteins as before [15] , including the high-kilodalton group, and those of ;110, 96, 71, and 47 kDa, without affecting the percent of viable sperm (69% vs. 72%). The H 2 O 2 primarily generated by this system in boar spermatozoa [15] could inhibit the cAMP/PKA pathway thought to upregulate tyr-P of highkilodalton proteins in boar sperm [42, 45] or may perhaps modulate tyrosine kinase or phosphatase activity [37] .
Both the normal pH-sensitive in vitro capacitation and ROSmediated impacts on capacitation are apparently controlled by the ERK pathway components RAF, MEK, and ERK1/2 that are shown here to exist in boar spermatozoa and are activated in association with capacitation and tyr-P signaling.
The amount of 51-kDa phospho-RAF rapidly increased after sperm were exposed to ROS generation (Fig. 2) , and other higher-kilodalton phospho-RAF proteins were also affected. Clearly RAF is sensitive to ROS, which may act via the cAMP/ PKA pathway [14, 37] . The ROS-induced increase in phospho-51 RAF was maintained when sperm were subsequently incubated for 4 h in BTS but not in capacitating medium, demonstrating that unique and complex signaling pathways are operative in capacitation. Control sperm incubated under capacitating conditions for 4 h lost, not gained, 35-kDa phospho-RAF (Fig. 2) , and exposing sperm to ZM336372 (a potent and specific inhibitor of RAF1 (c-Raf); IC 50 ¼ 70 nM [47] ) did not affect capacitation-associated tyr-P (data not shown). Either RAF has no direct control over capacitation, inhibition of the RAF pathway is compensable through cross talk with other pathways, or ZM336372 may not inhibit capacitation because RAF1 signaling actually induces a negative feedback on itself, as was suggested when RAF in somatic cells was not inhibited by either ZM336372 or SB203580 [47] . However, failure of self-inhibition seems less likely than assuming that RAF induces capacitation-dependent tyr-P through the classic RAF-MEK-ERK pathway and that capacitation proceeds, even in the face of RAF inhibition, through cross talk of the many parallel pathways that culminate in the tyr-P of late-stage capacitation [11] [12] [13] [14] . Many other kinases, such as MEK1, MOS, or MAP3K8 (Tpl-2), can phosphorylate the same serine on MEK's activation loop as RAF does [18] , so ZM336372 might indeed be inhibiting RAF1 in this study, but the downstream MEK1/2 could still have been phosphorylated through cross talk interaction with these other kinases. RAF itself can be activated by cross talk with pathways such as PKC [48] , while cAMP/PKA cross talk can regulate ERK1/2 phosphorylation [49, 50] .
Typically RAF in the ERK signaling pathway activates MEK, whose presence is now confirmed in boar sperm, in a capacitation-associated fashion (Fig. 3) . The monoclonal antiphospho-MEK1 (Ser218/222)/MEK2 (Ser222/226), which recognizes MEK1/MEK2 (45 kDa), detected one major phospho-protein in boar spermatozoa at 42 kDa and other minor phospho-proteins (50, 27, 22 kDa). Species specificity is apparent, since three higher-kilodalton phospho-proteins recognized by a very similar antibody (55-, 94-, and 115-kDa proteins were recognized with anti-phospho-MEK1/2 Ser 217/ Ser221) in capacitating human sperm [11] were never detected in boar sperm.
Of particular interest is the specific boar 42-kDa phosphoprotein recognized by the MEK1/2 antibody, which may be the dual-specificity protein kinase that has long been speculated to be present in the porcine sperm MAPK family but has not been identified [51] ; MEK1/2 elements are known as dualspecificity proteins [18] . This 42-kDa phospho-MEK appears to be involved in capacitation because it declined during incubation in capacitating medium but not BTS, and prior exposure to ROS generation enhanced this decrease simultaneously with inhibition of tyr-P of high-kilodalton proteins. However, using U0126, a potent and specific inhibitor of MEK1/2 (IC 50 ¼ 72 nM for MEK1 and 58 nM for MEK2; [52] ) did not significantly inhibit tyr-P of boar spermatozoa (Fig. 5) , suggesting that, like RAF, MEK1/2 may either not be directly involved, or its actions may be supplemented by cross talk pathways. The active site of ERK1/2 associated with human sperm capacitation and tyr-P [12, 13] is a Thr-Glu-Tyr motif, which can be phosphorylated by such tyrosine kinases as PKA, PTK, and PKC through their cross talk interaction [11] [12] [13] [14] .
The next step in the signaling pathway, ERK, appeared to be a vital regulator in boar sperm capacitation. The phospho-ERK proteins detected by the antibody that recognizes the activated forms of ERK1 and ERK2 varied directly with capacitation status and ROS exposure. The unique phospho-ERK 158-kDa protein only appeared in sperm after capacitation incubation, and two small phospho-ERKs (32 and 24 kDa) disappeared after being incubated in capacitating medium but not BTS. These changes paralleled the onset of capacitation-induced protein tyr-P. Furthermore, pre-exposure of sperm to the ERK1/ 2 inhibitor significantly reduced, or virtually eliminated, the capacitation-dependent induction of tyrosine-phosphorylated proteins (Fig. 6) . Therefore, the ERK1/2 component of the MAPK pathway is a regulatory step in the signaling cascade of boar sperm capacitation, and the 158-kDa ERK1/2 may, therefore, be a capacitation-dependent, tyrosine phosphorylated-ERK1/2 protein.
ROS generation in sperm briefly but dramatically stimulated two phospho-ERK1/2 proteins that were not associated with 756 AWDA AND BUHR capacitation induction. An 80-and 52-kDa phospho-ERK were strongly induced immediately after ROS exposure and then declined after sperm were incubated for 4 h in either BTS or capacitation media. The mass and induction of the 52 ERK1/2 protein resembles that of the 51 RAF1 protein, suggesting that this protein possesses Tyr 340 and Tyr204 residues and a common antigenic sequence. However, neither of these ROSstimulated phospho-ERKs appears related to capacitation.
Despite this lack of direct involvement of ROS with ERK1/ 2 signaling in capacitation, ROS synergized with the ERK1/2 inhibitor, and to a lesser extent the MEK inhibitor, to reduce capacitation-dependent protein tyr-P. This ROS-generating system inhibits tyr-P of high-kilodalton boar spermatozoa proteins, [15] whose phosphorylation is regulated by cAMPdependent pathway [42, 45] . The ERK inhibitor would block phosphorylation of Thr-Glu-Tyr motif in the active site of ERK1/2, and when coupled with ROS inhibition of the cAMP/ PKA pathway, the coincident inhibition of both signaling pathways would produce the concomitant strong inhibition of capacitation-dependent tyr-P of multiple proteins.
In summary, ERK pathway elements RAF, MEK1/2, and ERK1/2 exist in boar spermatozoa, and the ERK1/2 element of the signaling cascade is significantly associated with capacitation-induced tyr-P. Other kinases of different pathways, such as cAMP/PKA and PKC, may cross talk and interact with the ERK cascade. ROS inhibit tyr-P of high-kilodalton proteins; have time-dependent effects on phospho-RAF, phospho-MEK1/2, and phospho-ERK1/2 components of ERK1/2 pathway of boar spermatozoa; and through such associations with ERK and other pathway elements, ROS may play a role in regulating boar sperm capacitation and tyr-P.
